Abstract Presenting characteristics of bacterial corneal ulcers may suggest particular causative organisms, helping to guide treatment decisions before cultures become available. In this study, we analyze the association between presentation demographic and clinical characteristics, using data collected as part of a randomized, controlled clinical trial. Data for this study were collected as part of the Steroids for Corneal Ulcers Trial, a randomized, placebo-controlled, double-masked trial. All patients had a culture-proven bacterial corneal ulcer. Patient history, clinical examination, and photography were performed in a standardized fashion at enrollment. Analysis of variance or Fisher's exact test was used to compare characteristics by organism. Univariate logistic regression was used to analyze predictors of the most common organisms. Five hundred patients were enrolled in the trial, of whom 488 were included in this analysis. The most common organism was Streptococcus pneumoniae (N = 248, 51 %) followed by Pseudomonas aeruginosa (N = 110, 23 %). Compared to other organisms, P. aeruginosa was significantly associated with a larger baseline infiltrate/scar size [odds ratio (OR) 1.6, 95 % confidence interval (CI) 1.4-1.8] and deeper infiltrate (OR 2.4, 95 % CI 1.5-3.8). S. pneumoniae was significantly associated with a smaller baseline infiltrate/scar size (OR 0.8, 95 % CI 0.7-0.9) and dacryocystitis (OR 7.3,. Nocardia spp. were significantly associated with longer duration of symptoms prior to presentation (OR 1.4, 95 % CI 1.2-1.6), more shallow infiltrate (OR 0.3, 95 % CI 0.2-0.5), and better baseline visual acuity (OR 0.4, 95 % CI 0.2-0.65). Staphylococcus spp. were less likely to be central in location (OR 0.16,. Baseline characteristics of bacterial ulcers may suggest the likely etiology and guide early management.
Introduction
Bacterial keratitis is a potentially blinding infection of the cornea that disproportionately affects the developing world [1] . Many of the same pathogens are found across different regions, although their frequency can vary widely [2] [3] [4] [5] [6] . Corneal ulcers due to different bacterial organisms may be associated with variable risk factors, as well as specific demographic and clinical characteristics at presentation. Because microbiological confirmation of diagnosis can take several days and may delay onset of proper antimicrobial treatment, presentation characteristics may be useful in guiding initial management decisions and prognosis. Any relationship between risk factors and specific organisms may also suggest prevention measures. In this study, we evaluated the association between the bacterial organism isolated on culture and various demographic and clinical risk factors, collected prospectively as part of a clinical trial.
Methods

Trial methods
The Steroids for Corneal Ulcers Trial (SCUT, NEI U10-EY015114) is a National Eye Institute supported prospective, randomized, controlled, double-masked clinical trial comparing clinical outcomes in patients with a culture-positive bacterial corneal ulcer receiving topical corticosteroids or placebo as adjunctive therapy. Patients were enrolled at the Aravind Eye Care System (Madurai, Tirunelveli, and Coimbatore, India), the F.I. Proctor Foundation at the University of California, San Francisco, CA, USA, and the Dartmouth-Hitchcock Medical Center, NH, USA. Institutional review board approval was granted by the University of California, San Francisco, Dartmouth Medical School, and the Aravind Eye Care System. This study conformed to the tenets of the Declaration of Helsinki, and informed consent was obtained from all subjects.
Eligible patients had a culture-proven bacterial ulcer and had been on moxifloxacin for at least 48 h.
Exclusion criteria included: a history of penetrating keratoplasty in the affected eye, impending perforation, no light perception in the affected eye, vision worse than 6/60 in their fellow eye, bilateral ulcers, age less than 16 years, evidence of fungus or acanthamoeba by culture or smear, or evidence of herpetic keratitis by history or exam. Full inclusion and exclusion criteria have been previously described [7] .
Data for this study were collected prospectively as part of the clinical trial, using standardized trial forms. At enrollment, best spectacle-corrected visual acuity (BSCVA) was assessed by masked refractionists on ETDRS charts. Infiltrate/scar size, epithelial defect size, infiltrate depth, and hypopyon were measured by slit lamp examination. Ulcer location was determined by photography. Standardized patient history and demographic information was obtained at the baseline visit.
Microbiological methods
After the slit lamp examination at presentation, corneal scrapings were performed. Two scrapings were smeared for Gram stain and KOH wet mount. Three scrapings were inoculated onto sheep's blood agar, chocolate agar, and potato dextrose agar or Sabouraud's agar. The criterion for a positive bacterial culture was growth of the organism on one solid medium at the site of inoculation. For Staphylococcus epidermis and diphtheroids, cultures were considered positive only if moderate growth was seen on at least two solid media or on one solid medium plus a Gramstained corneal smear [8] . All patients were checked for fungal elements on smear and culture, and any evidence of fungal infection resulted in exclusion. Quality control was performed according to the National Committee for Clinical Laboratory Standards (NCCLS) performance standards, recommendations, guidelines, and reports [NCCLS M100-S10 (M2)] [9].
Statistical methods
Isolates with a mixed infection (C2 distinct organisms isolated) were excluded from the analysis. Infiltrate/ scar size and epithelial defect size were analyzed as the geometric mean of the longest dimension of the ulcer and the longest perpendicular. Visual acuity in logMAR was used for all statistical analyses. Analysis of variance (ANOVA) for continuous variables or Fisher's exact test for categorical variables was used to compare characteristics across groups of organism. Univariate logistic regression was performed to analyze the association between baseline demographic and clinical characteristics and the most commonly isolated organisms. A Bonferroni correction was performed for all analyses to adjust for multiple comparisons. For the ANOVAs and Fisher's exact tests, P B 0.0045 (11 independent comparisons) was set to be the significance level. For the logistic regressions, P B 0.001 (55 independent comparisons) was set to be the significance level. All analyses were conducted in Stata version 10.0 (StataCorp, College Station, TX, USA).
Results
Five hundred patients were enrolled in the trial, all of whom had complete baseline and microbiological data, including a positive bacterial culture. Of these, 6 (1 %) patients were excluded from the analysis due to mixed infection and 6 (1 %) were excluded because the isolate was not an identifiable organism, leaving 488 patients available for this analysis. Of these, 474 (97 %) were enrolled in India. The median age of patients enrolled in this trial was 53 years (interquartile range 40-61), and 225 were female (46 %). Slightly less than half of the patients were agricultural workers (N = 211, 43 %, Table 1 ).
The most commonly isolated organisms included Streptococcus pneumoniae (N = 248, 51 %), Pseudomonas aeruginosa (N = 110, 23 %), and Nocardia spp. (N = 55, 11 %, Fig. 1 ). Organisms were different by country (P = 0.01), but did not reach statistical significance with correction for multiple comparisons. Eight patients (2 %) were contact lens wearers, seven of whom had a P. aeruginosa ulcer (88 %, P = 0.01). Of 488 patients, 235 had a hypopyon at presentation (48 %).
Characteristics that were significantly different across categories of organism are presented in Table 1 , and included infiltrate size at baseline (P \ 0.001), acuity at baseline (P = 0.0006), infiltrate depth at baseline (P = 0.0002), dacryocystitis (P \ 0.001), central location (P \ 0.001), durations of symptoms (P = 0.0001), age (P \ 0.001), hypopyon (P \ 0.001), and employment as an agricultural worker (P = 0.0002). There were no significant differences in gender (P = 0.16), ocular surface disease (P = 0.53), or injuries due to vegetative matter (P = 0.26), wood (P = 0.30), or metal (P = 0.09) among ulcers caused by different bacteria.
Pseudomonas aeruginosa was significantly associated with a larger baseline infiltrate (OR 1.6, 95 % CI 1.4-1.8) and deeper infiltrate (OR 2.4, 95 % CI 1.5-3.8) compared to non-P. aeruginosa ulcers ( Table 2 ). S. pneumoniae was significantly associated with a smaller baseline infiltrate/scar size (OR 0.8, 95 % CI 0.7-0.9), shorter duration of symptoms prior to presentation (OR 0.65, 95 % CI 0.5-0.8), older age (OR 1.5, 95 % CI 1.3-1.7), dacryocystitis (OR 7.3, 95 % CI 4.1-13.1), and agricultural work (OR 2.7, 95 % CI 1.8-3.9). Nocardia spp. was significantly associated with longer duration of symptoms prior to presentation (OR 1.4, 95 % CI 1.2-1.6), more shallow infiltrate (OR 0.3, 95 % CI 0.2-0.5), and better baseline visual acuity (OR 0.4, 95 % CI 0.2-0.65). Staphylococcus spp. ulcers were more likely to be peripheral in location (OR 0.16, 95 % CI 0.08-0.3).
Discussion
Presentation clinical signs and symptoms may help distinguish between causative organisms in bacterial keratitis. Because it generally takes several days for microbiological diagnosis, clinical signs which are predictive of the causative organism would be useful to ensure that proper treatment is started as soon as possible. Previously, it has been shown that there may be a predictive utility of clinical signs and symptoms in determining the etiologic agent in bacterial conjunctivitis [10] . In the current study, we found that presentation characteristics, including risk factors and markers of severity, were significantly different between organisms causing the ulcer.
Pseudomonas aeruginosa caused the most severe ulcers on presentation. These ulcers were deeper and had significantly larger infiltrate sizes than nonpseudomonas ulcers. Median visual acuity in these ulcers was approximately 4 lines worse relative to the entire cohort, which was statistically significant across groups of organisms. In this study, the duration of symptoms prior to presentation for P. aeruginosa ulcers was shorter than the overall study population, which may have been due to patients recognizing the need for care more urgently due to the aggressive nature of the pathogen and the resultant large degree of vision loss. These findings are consistent with the notoriety of P. aeruginosa as a particularly virulent and rapidly-progressing pathogen [11] .
Patients with ulcers caused by Nocardia spp. had a significantly delayed presentation compared to the entire study population. In these patients, the median baseline visual acuity was nearly 5 lines better than the overall population. Nocardia keratitis has been characterized as having a slow course [12] , which may explain the extended duration of symptoms and better relative visual acuity at presentation. Nocardia spp. are relatively rare isolates from keratitis, especially outside of India [12] . In this study, it was the third most commonly isolated organism; however, there were no Nocardia spp. isolated in the United States. Previous reports have shown that patients with Nocardia keratitis who present within 15 days of symptom development have the highest rate of recovery [13] . In our study, a quarter of patients presented after 15 days of symptom duration. It is possible these patients could have benefitted from earlier presentation, indicating that despite slow progression, treatment should be started promptly. Nocardia keratitis has been reported to have similar presenting characteristics to fungal keratitis, which can confuse the initial diagnosis prior to microbiological confirmation of the etiologic organism [12, 13] . In this study, no clinical signs that are typically characteristic of fungal keratitis were reported for Nocardia keratitis (such as ring infiltrate, feathery borders, endothelial plaque, etc.). Nocardia keratitis was associated with a superficial infiltrate, as has been reported in the literature [13] . Nocardia keratitis has been associated with corneal trauma in previous series, although we were unable to confirm this here [12, 13] .
Streptococcus pneumoniae was the most commonly isolated organism in this study, present in approximately half of the corneal ulcers. Dacryocystitis had a 7.3-fold increased odds of being associated with a S. pneumoniae corneal ulcer. Chronic dacryocystitis has been well documented to be associated with pneumococcal keratitis [14, 15] . Presence of hypopyon has also been reported as a clinical sign of pneumococcal keratitis [15] , and was present in over half of the pneumococcal ulcers in our study, but this association was not significant after correction for multiple comparisons. The infiltrate size at baseline was smaller in pneumococcal ulcers in this study compared to non-pneumococcal ulcers. However, the ulcers were more likely to be central in location, and the median visual acuity was poor at presentation. Pneumococcal ulcers appeared to be less severe than P. aeruginosa ulcers at presentation; median baseline visual acuity in P. aeruginosa ulcers was nearly 4 lines worse, and the infiltrate size was larger. Risk factors for developing an ulcer varied significantly between different subtypes of bacterial ulcers. Agricultural work was significantly associated with pneumococcal ulcers, and P. aeruginosa ulcers appeared to be less common in agricultural workers, Bold cells indicate comparisons that were significant after Bonferroni correction although this was not significant after multiple comparisons correction. Previously, agricultural work has been shown to be associated with Nocardia keratitis, but we did not replicate that finding in this study [12] . While very few contact lens wearers were enrolled, the vast majority of those enrolled had a P. aeruginosa ulcer. Previous reports have shown that contact lens use is associated with P. aeruginosa keratitis [16] . In our study, contact lens use was an approximately 20-fold risk factor for pseudomonas, but this association did not reach statistical significance after multiple comparisons correction. This study presents a large series of prospectively collected corneal ulcers with standardized characteristics recorded for each patient. All study assessments were conducted by certified personnel according to a specific protocol. The large size of this series allows us to make comparisons between the major groups of organisms enrolled. However, due to the nature of the inclusion and exclusion criteria as part of the clinical trial, some biases may be introduced into this analysis. Impending perforation, patients with a history of penetrating keratoplasty in the affected eye, patients with a history of a corneal scar in the affected eye, and patients less than 16 years of age at enrollment were all excluded from this trial. We do not have information on these ulcers, and therefore cannot make comparisons. We therefore cannot assess whether there are differences in etiology in perforated or nearly perforated ulcers, or if certain organisms are more likely to cause keratitis in patients younger than 16 years of age. In addition, the standardized forms on which data was collected for the trial were designed to collect information such as the infiltrate/scar size and depth of the ulcer for the main analyses of the trial. Finally, the same clinician did not evaluate each patient in this trial. Therefore, it is possible that some intra-observer variability was introduced to our analyses. To minimize this bias, all clinicians, refractionists, and microbiologists who collected data during the trial were specifically certified for the trial, and regular site visits were made to re-certify all investigators and ensure that trial protocols were being followed. In addition, every tenth patient received repeat BSCVA measurements and clinical examinations from different refractionists and examiners. These repeated measurements showed high inter-rater reliability (j = 0.99).
Organism-specific characteristics, such as wreathlike infiltrate for Nocardia spp., stromal lysis and round-shaped infiltrate in P. aeruginosa, or an active spreading edge in S. pneumoniae, may be useful in distinguishing between different etiologic organisms in bacterial keratitis. However, since this study was not planned prospectively, data regarding these characteristics were not collected in this trial, and therefore we could not analyze them. Previous studies have suggested that such signs can distinguish between organisms in fungal keratitis [17] . Further work should be done assessing the role of these specific signs in distinguishing between causative organisms in bacterial keratitis in a standardized, masked fashion.
The vast majority of patients enrolled in this trial were contact lens non-wearers in India. There were differences across groups of organisms isolated in each country. There were no S. pneumoniae isolates from the United States. P. aeruginosa was the most commonly isolated organism in the United States, and was the second most commonly isolated organism overall in the study. A small number of ulcers from the United States were enrolled in this trial, making comparisons of ulcers between the United States and India difficult. Previous reports of etiologic agents of bacterial keratitis in the United States and globally vary widely [6, [18] [19] [20] . This study enrolled a large number of ulcers that were diverse in severity and etiology. While numbers were too small to make comparisons with all organisms, we found that there exist significant differences in baseline characteristics among the top five isolates.
In conclusion, in this study of presentation characteristics of etiologic agents of bacterial keratitis, we found that P. aeruginosa ulcers were the most severe, with the largest and deepest infiltrates, and the worst presentation visual acuity. Contact lens use was associated with P. aeruginosa ulcers. Pneumococcal ulcers were less severe, although still had significant visual loss at presentation. Concomitant dacryocystitis was highly predictive of a pneumococcal ulcer. Nocardia ulcers had the best presenting visual acuity, but also were the most delayed in presentation. This series will help guide initial management decisions based on presenting characteristics, prior to microbiological diagnosis.
